Community genetic (CG) effects and ecological factors create a complex set of interactions that are key drivers of evolutionary dynamics in ecological systems. To date, most studies investigating trait variation have focused on either effects of intraspecific genetic variation or on genotype by environment (GxE) interactions in isolation. Poorly investigated but very important are the interactions between CGs and indirect ecological effects (IEEs) that are caused by plant -soil interactions. Here, we tested how CGs in a cabbage host and its aphid parasite depended on the ecological conditions under which the host was grown. We established microcosms of different cabbage cultivars and aphid genotypes on soils inoculated with samples of other soils previously trained with onion. We hypothesized that such IEEs will have significantly different outcomes for ecosystems than predicted from simpler CG or GxE studies. Our analysis demonstrated a large IEE that differed by context and aphid genotype causing reduced parasite population sizes by up to 90%. The IEE is induced by insect-repellent properties and the microbiome of the onion. Our results highlight the importance of interacting IEEs and CGs for ecosystems dynamics showing that IEEs offer sustainable solutions by dramatically reducing parasite burden on cash crops.
Introduction
Agroecosystems are characterized by complex above-below-ground interactions that are influenced by various selective pressures, including human-imposed selection [1] . Such interaction effects can be modified in a reciprocal fashion, e.g. [2] and by indirect ecological effects (IEEs, where one or more species influence or mediate the interaction between species in an ecosystem [3, 4] . As a consequence, species interactions and trait evolution can be influenced in more complex ways than commonly assumed when investigating pairwise species interactions [5, 6] .
It is well established that the effects of species interactions on evolutionary trajectories depend on whether interactions are additive or non-additive, whereby in the former case, the effect of a second species is independent of the effect of the first species on a focal species. By contrast, non-additive effects occur when the presence of a second species modifies the effects of the first [7, 8] . Such indirect effects may impact on trait expression in interactants and may be linked to direct genetic variation (community genetics (CGs) effects; e.g. [9, 10] ) and indirect genetic effects, e.g. [11, 12] .
Understanding the impact of ecological factors on genotype by environment interactions is highly relevant to efforts in agriculture to reduce the use of pesticide and increase yield. Specifically, the degree to which genetic variability of the interactants are modified by indirect environmental factors has attracted less attention to date. Considering complex species interactions is relevant also for agriculture. For instance, the application of genetic variability in cultivation [13] and the artificial manipulation of plant genotypes with favourable defensive traits have been shown to profoundly affect associated arthropod pest communities [14] . The peach-potato aphid, Myzus persicae (Sulzer), is a global key pest and has been evolving resistance to several classes of insecticides [15, 16] , making M. persicae a major problem and a cause of yield loss worldwide [17] .
Aphid communities are a key system of significant ecological and agricultural importance, which are completely dependent on their host plants [18] , and which form complex interactions with their hosts [17, 18] . Genetic variation within species can strongly influence host plants and their associated aphid communities e.g. [19] , and such CG effects can have wide reaching effects beyond the interacting populations, affecting ecosystems [9, 20] and their services [21] . Given the intimate relationship between aphids and their host plants, aphids are very sensitive to changes in their host plants, especially when those changes alter their hosts or the environment where their hosts are grown [17] [18] [19] 22] . Changes to the host environment can affect aphids indirectly through the inoculation of soil, which contains a combination of microbes and chemicals naturally associated with other species, via a plant-trait-mediated mechanism [4, 23] . Such changes may lead to a significant impact on aphid-plant interactions and hence ecoevolutionary dynamics of the ecosystem [24] .
With increasing concern over the use of pesticides, a greater emphasis is placed on the development of biological means to regulate pest populations [25] . Often, these methods involve the introduction of natural enemies, but some rely on the intercropping of main cash crops with pest-repellent plants [26, 27] . For example, plants from the genus Allium, such as onion (Allium cepa), are a rich source of various biologically active compounds, the majority of which are of sulfuric, phenolic and steroidal origins [28] , which have pest-repellent properties, especially towards insects [27] . Allium intercrops, grown alongside the main crop, can modify and enhance the growth through changing microbiomes below ground [29] that may reduce the crop's attractiveness to pest species [30] .
Soil inoculation is another effective method mainly used for improving crop yields and can occur in one of two ways [31] : either soil is simply transferred from one place to another or particular plants are grown in soil to establish their associated microbiomes within their rhizospheres. Subsequently, an inoculum can be extracted from the trained soil and transferred to condition fresh soil [32] , creating a plantsoil feedback (PSF) that is often mediated through the action of bacterial and fungal symbionts [33] . While there is increasing evidence for the importance of PSF to plant development [34] , the inoculation of agricultural soil with conditioned soil has not been sufficiently investigated. Furthermore, members of the genus Allium have, to date, not been used as soil trainers to produce inoculants, despite their well-known allelopathic effects [35, 36] , their pest repellence and effects on soil ecology [27, 29, 34] . The aphids above ground can indirectly be affected by the inoculation of soil via a plant-trait-mediated mechanism [23, 37] , thus representing an IEE.
In this study, we sought to unravel the complex interactions between different genotypes of host (cabbage) and parasite (aphid) under two environmental soil conditions in a system of agricultural importance. We specifically focused on how genetic variation effects in the host depended on soil conditions and impacted on reproductive success of two aphid genotypes. This enabled us to ask to what extent intraspecific genetic variation effects in aphids, and in their cabbage host (i.e. CGs), may interact with IEEs emerging from inoculating the substrate with a sample of another soil trained by a known pest repellent (A. cepa). See the electronic supplementary material, figure S1 for a design diagram.
Material and methods
Using two clones of aphid (plant parasite) and two cabbage cultivars (host), we created a total of 12 microcosms, each replicated five times, in which the host was grown on either onion-inoculated soil or untreated soil (control), see the electronic supplementary material, figure S1.
(a) Soil training and inoculation
Four A. cepa seeds, procured from Sperli GmbH, Germany, were sown in 1 l sized pots with 15 cm diameter and 12 cm depth containing steam-sterilized soil and grown for two months prior to the start of the experiment. Subsequently, all of the 'aboveground' parts of the plant were cut and discarded and the soil, including the root biomass, was collected, homogenized and termed as 'trained'. The trained soil was mixed, as an inoculum, with fresh steam-sterilized soil, so that the mixture contained 15% of the trained soil by weight, resulting in 'inoculated' soil. The cabbage plants used in this experiment were either grown in the 'inoculated' soil or in untreated steam-sterilized soil (control).
(b) Host plants
Two cultivars of cabbage (Brassica oleracea var capitata L.) were used: savoy cabbage (Virtus 2) and red cabbage (Cabeza negra 2), which we refer to as S and R, respectively. Four seeds, obtained from Sperli GmbH, Germany, were sown at an equal distance apart near the edges of the pots. Each pot contained either a mono-mix of four cabbage seeds (S or R), or a bi-mix composed of two seeds of each cultivar. Plants were watered every 3 days and kept in temperate conditions (8 h daylight, approx. 248C) at the greenhouse facility of the Freie Universität Berlin, Germany.
(c) Aphid
Two different clones of M. persicae were sourced. The pink clone (G1) was supplied by Bayer CropScience AG (Monheim, Germany). A green clone (G2) was collected in Germany and supplied by the Julius Kü hn-Institut (JKI), Berlin. For both G1 and G2, a population was established from a single individual for use in the experiment. All aphids were reared on kale (cultivar Lerchenzungen) for several generations before the experiment in order to minimize transgenerational effects.
The microcosms were constructed from the 1 l pots enclosed with 40 cm high transparent cylinders that had a meshed top and two fine mesh windows (4 Â 4 cm) on the sides of the cylinder for ventilation. There were always four plants per microcosm (four S, or four R or two S þ two R). See the electronic supplementary material, figure S1 for the experimental design. Three weeks after the cabbage plants germinated, eight aphids (third instar), from either G1 or G2, were added to each microcosm using a fine damp brush and were placed on the lightly compressed soil surface in the centre of the microcosm to ensure that the colonization of the four plants was by aphid choice. In total, there were 28 microcosms set up for G1 and 29 for G2, as three microcosms (with at least one dead plant) were discarded. There were no microcosms that contained the two aphid
(d) Traits and statistical analyses
Aphid population size was measured as the total number of aphids per plant at the end of the experiment as this captures differential developmental time, reproductive success and mortality. Data were analysed using a generalized linear mixed effect model (glmm) with the Poisson family, 'bobyca' optimizer, R packages 'lmer4' [38] and 'car' [39] . The pot (microcosm) was randomized. The explanatory variables were: (i) cabbage (host) genetic variability (mono cultivar-mix S, mono cultivar-mix R, bi-cultivar mix S, bi-cultivar mix R); (ii) aphid genetic variability (genotypes G1 or G2); (iii) soil inoculation (no, yes); and (iv) all two-way and three-way interactions between all three explanatory variables. In total, there were three cabbage mix types Â two aphid genotypes Â two onion inoculation levels, with five replicates and four plants per replicate, totalling 240 plants in 60 microcosms. We also measured aphid distribution within the microcosm as an indicator of aphid behaviour; see the electronic supplementary material (aphid behaviour, electronic supplementary material, table S4 and figure S2 ).
All statistical analyses were performed in R, v. R-3.4.3 [40] .
Results
We investigated how reproductive success of two parasite genotypes depended on genetic variation effects (CGs) in the host and in the parasite, and IEEs resulting from soil conditioning using an inoculum of onion-trained soil. Overall, we found great variation in aphid population size across treatment lines. Population sizes 25 days after the introduction of eight aphids ranged from 8 to 690 individuals. The sizes were up to 690 individuals on control soil (without inoculation) while on inoculated soil, the largest population contained 246 individuals (figure 1). Aphid population size depended strongly on both the inoculation effect ( (table 1) . Moreover, without inoculation, G2 had a 67.5% greater population size than G1 on cabbage mono-mix R compared to an 8.4% greater population on cabbage mono-mix S. Interestingly, this number increases to 70.1% on a bi-mix of the two cabbage cultivars (table 1 and figure 1) .
The three-way interaction of inoculation, aphid and host genetic variability also shaped aphid population size. This clear interdependency within an ecosystem of genetic and ecological sources of variation was illustrated by the significant interaction between all three predictors (x 
Discussion
In this work, for the first time to our knowledge, we jointly investigated CG effects with IEEs whereby the latter was uniquely caused by PSF through inoculation with onion-trained soil resulting in a dramatic reduction in parasite burden.
(a) Community genetic and indirect ecological effect interaction
The key result of our study is that parasite reproductive success shows high levels of dependency on CGs effects, comprised the intraspecific genetic variation of the host and the parasite, along with the conditioned environment in which the host plant grows. The IEE, caused by PSF via inoculation with trained soil, is of a similar magnitude in its effect on parasite fitness as the parasite genotype and is thus a major predictor of pest damage. The extent of this overall negative effect is, however, dependent on intraspecific genetic differences within the parasite, and within the host species. The two parasite clones most likely differ in their life histories as G2 was sampled in Germany and was a clone recommended by the JKI (Berlin). G2 originated in Japan and was collected from a tobacco plant and afterwards supplied by Bayer CropScience AG. Although we are not aware of any documented physiological differences in the literature, we know that G2 is more virulent than G1 and the latter respond differently from the former to ecological risk [22] . Specifically, the two clones differ in their response to predator semiochemical cues [22] and may thus also differentially respond to a different kind of ecological risk associated with chemical cues from soil trained with onion. This may explain the overall larger population sizes across treatments, host and parasite genotypes. As for the effect of host plant, we note that savoy cabbage leaves are more wrinkled compared to red cabbage, which may contribute to hindering access by the stylets of phloem feeders. We note that all clones were reared on kale for multiple generations prior to the experiment to minimize any effects of preconditioning to differences in host plants through maternal effects. Furthermore, over and above the interaction between the IEE and parasite genotype, we found that all three factors (inoculation, parasite genotype and host genetic variability) interact and affect parasite fitness, but not parasite behaviour (see the electronic supplementary material (aphid behaviour, electronic supplementary material, table S4 and figure S2)).
Our results add to the literature demonstrating that IEEs arising from multiple species interactions can significantly alter the dynamics within an ecosystem, e.g. [2] . In our case, however, the indirect effect arises from the effect of the soil in which the host is grown, which, in turn, has been inoculated with onion-trained soil. It is likely that insect-repellent compounds and onion-associated microorganisms could have impacted on aphids through the host plant vascular system but also possibly through compounds directly emanating from the inoculated soil. Moreover, we can show that an IEE and genetic variation within species of an ecosystem can be interdependent and have large interaction effects that influence ecosystem parameters (here parasite reproductive success and host infestation) beyond the already strong main effect. The IEE found in our study is in line with the findings documenting poor M. persicae reproductive success when reared on dodder attached to onion [41] . Our use of onion-trained soil exploits the strong negative plant allelochemical effect on aphids [42] as it extends the allelopathy effect between two plant species, via PSF [43] , to impact the phloem-feeders of the heterospecific plant. As such, the inoculation process and the resulting IEE changed the abiotic and biotic conditions of the ecological context and its suitability where the crop plants and their associated pest community live, grow and interact.
(b) Significance for agro-ecosystems
The ability to control pests is of paramount importance. Like natural systems, agro-ecosystems have complex interactions between multiple species within and among trophic levels [9, 10, 44] , but the systems fundamentally differ as a result of human manipulation of arable lands. For instance, one of the main setbacks of monoculture [44] is the lack of diversity, as the more homogeneous the crop fields are, the more vulnerable they become to disease outbreaks and pest surges [44, 45] .
The inoculation of soil with soil-enhancing microorganisms is common and has long been used to improve the health and yield of crops [31, 43] . Although members of the Alliaceae are widely used in horticulture as intercrops, the effects of inocula from onion-trained soil on plants grown on fresh soil have not been demonstrated before. The homogenization of the onion plants into the soil released various chemicals that, in conjunction with the onion-associated soil microbiome, resulted in a strong reduction in aphid population size in a genotype-specific manner. Further work is required to understand the details of the biological pathways through which the IEE impacts on parasite traits. This is of particular importance because of the problematic adaptability of M. persicae, resisting conventional chemical methods of control [15, 16] . Our findings support the development of next-generation effective botanical pesticides to regulate this major plant-virus vector; see [46] .
Conclusion
Our work uncovered a complex interaction between CGs and IEEs affecting parasite population size that is mediated by a PSF system. We advocate that the integration of CG into pest and disease control should take into account the interactions with other ecological elements, such as IEEs, because of their extended effects beyond the species level [9, 10] . Our study was undertaken using two diverse clones and has revealed a large negative effect of inoculation by onion-trained soil on parasite population sizes. Nevertheless, extending our approach to a greater diversity of both clones and hosts would enable us to establish this effect across different host -parasite systems.
Our work shows that investigating the interactions arising between CGs and IEEs can be of particular relevance to understand ecoevolutionary dynamics in agro-ecosystems, especially those that are likely to be significantly influenced by anthropogenic effects [5, 6] . To the best of our knowledge, this work is the first to offer a timely and novel environmentally friendly solution that has the potential to reduce financial losses caused by harmful pest species.
Data accessibility. Data available as part of the electronic supplementary material.
